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ABSTRACT
Goodman, Caitlin Elizabeth. M.S. Department of Biochemistry and Molecular
Biology, Wright State University, 2018. A Novel Method to Analyze DNA Breaks and
Repair in Human Cells
Microsatellites repeat sequences are prone to forming non-canonical DNA
structures and mutations. These areas of the genome can undergo expansions and
contractions and are responsible for a variety of inherited neurological and
neuromuscular disorders. Hairpin structures formed by trinucleotide repeats can lead to
replication fork stalling, and fork collapse causing DNA double strand breaks. Various
mechanisms are involved in processing microsatellites including mismatch repair, base
excision repair, and crossover junction endonuclease cleavage. These processes, which
are supposed to protect the genome, could also be the culprits which are causing
mutations. In order to test and study this hypothesis, the use of a two color marker gene
assay to detect DNA double strand breaks at trinucleotide repeats, was used to detect
replication fork stalling, and collapse in presence or absence of replication stress. An
important mechanism for the restart of a stalled replication fork involves crossover
junction endonucleases, which cleave obstacles that prevent passage of the replication
fork. This process is led by MUS81 and its associates EME1 and EME2, which form
complexes to process these secondary structures allowing the replication fork to progress.
My results indicate distinct roles for MUS81-EME1 and MUS81-EME2 complexes in the
maintenance of genome stability.
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INTRODUCTION
Microsatellite Instability
Microsatellites are short repetitive sequences of DNA 1-6 bp long, can be
repeated 5-50 times, and are found everywhere in the genome. These short
tandem repeats make up around 3% of the entire genome and are areas that are
highly prone to mutations which can lead to disease (Reid et al. 1998, Gadgil et
al. 2016). There are over thirty human neurological and neuromuscular inherited
disorders associated with microsatellite instability (Figure 1) (Kim, Mirkin 2013).
Most of these disorders are caused by the expansion of trinucleotide repeats
(CGG)•(CCG), (CAG)•(CTG),(GAA)•(TTC), and (GCN)•(NGC) however,
diseases also occur at other microsatellite loci. In most individuals, repeat tracts
are shorter than ~30 repeats and are generally stable; however in longer repeats,
expansions and mutations lead to earlier and enhanced disease progression and
severity of disease (Schmidt et al. 2016, Mirkin et al. 2007).
Various downstream effects occur depending on where the microsatellite
expansion is located in the genome. In Figure 1, if expansions occur in the exon
region it can cause a shift of the reading frame, or over representation of a
repeated amino acid. Within the intron or untranslated regions microsatellite
expansion can lead to improper splicing and faulty transcript formation
(Cummings, et al. 2000).
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Healthy individuals typically display 30 or fewer repeats per
microsatellite, while tracts of 50 or more repeated units are associated with
disease states, as seen in Figure 1. (Liu et al. 2012). Myotonic Dystrophy Type 1
or DM1 affects about 1 in every 8000 people. It is an autosomal dominant disease,
which results from CTG repeat expansion in the 3’-untranslated region of DMPK
gene (Cummings et al. 2000). This produces a toxic-gain-of-function CUG RNA.
Within microsatellites, once the ~50 repeat threshold is reached, the
microsatellites tend to expand. This bias is passed to each generation such that the
CTG tract becomes progressively larger, with earlier onset during life, and can
reach up to 4000 repeats. It has been observed that the severity of the disease is
often correlated with the length of the repeat tract. The predisposition of these
unstable tracts to expand with each generation within a family provides a
molecular explanation for genetic anticipation (Wells et al. 1998, Seriola et al.
2011).
The complete mechanism behind microsatellite repeat instability is not yet
known. It appears that the CTG tract of DM1 patients shows both somatic and
intergenerational instability. This seems to occur by one of two mechanisms. At
around 50-80 repeats, or the lower end of the disease range, repeat expansion
occurs as a function of length. This causes repeats with relatively large numbers
to become more frequent along with the increasing repeat number. After CTG
repeats exceed a threshold of 80 repeats the pattern of instability changes
2

drastically, which results in a high frequency of distinct mutational expansions
leading to progressively longer repeats. (Seriola et al. 2011). These mutational
expansions can occur either through numerous small scale expansions, or through
one large scale expansion event. The frequent small scale events occur through
mutations such as strand slippage followed by hairpin formation on the nascent
DNA strand which can lead to small scale expansions. This process repeated
through multiple replication events leads to progressively larger repeats. Larger
repeats, where a microsatellite can more than double in a single replication event,
may occur through break induced replication. This replication mechanism could
explain how severe DM1 diseases cases could have up to 4,000 repeats of (CTG)n
in the 3’ untranslated region of DMPK (Kim et al. 2017). These large expansions
are the basis behind the genetic anticipation hypothesis seen in myotonic
dystrophy, Huntington’s disease, and other microsatellite repeat diseases. This,
along with data from numerous other studies has led to the theory that noncanonical DNA and/ or double strand breaks in microsatellites are essential in
CTG expansions (Seriola et al. 2011).

3

Figure 1. Unstable microsatellites cause human disease. Various diseases caused by
microsatellite repeat expansion and locations of these repeats within the genome.
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Non-B DNA leads to expansion or contraction
Microsatellites are abundant within the genome and have the tendency to form
various non-canonical (i.e. non-B) DNA structures. The structures produced are the main
causative factors in genetic instability and human disease. These structures include
hairpins, cruciform, triplex or H-DNA, G4 quadruplex, slipped DNA, and sticky DNA
(Figure 2) (Mirkin 2006). Trinucleotide repeats, whose expansion is involved in over a
dozen hereditary neurological disorders, support the mutagenic role of non-canonical
DNA structures. One of the non-B DNA structures formed is cruciforms or hairpins.
These form at repeats such as (CAG)•(CTG) when the duplex is unwound during
replication. This allows the repeat to base pair with itself forming a hairpin structure.
These structures have been found to induce DNA double strand breaks (DSBs), deletions
and translocations (Zhao et al. 2010, Wang et al. 2009).
The tendency of trinucleotide repeats to undergo expansions or contractions is
based on whether the non B-DNA structures are present in the nascent or template strand
of the DNA (Mirkin et al. 2007). The predisposition of (CTG)•(CAG) repeats to cause
DNA instability correlates directly with their formation of hairpins (Figure 3). Models of
TNR instability show hairpin formation during DNA synthesis either during cell division
or as a stage of DNA repair. It has also been shown that DM1 patient cells grown in
culture with replication stressing agents such as aphidicolin, or hydroxyurea increased
(CTG)•(CAG) instability at the DMPK locus (Liu et al. 2010).

5

Healthy length trinucleotide repeats are more inclined to contract rather than
expand during replication. This is needed to maintain normal alleles and to maintain
genetic stability. The longer the microsatellite, the more stable the hairpin structure. As
the hairpin structure becomes more stable, the template tends toward instability and
expansions, leading to an avalanche of events with the tendency toward increased
expansion (Pelletier et al 2005). Contributing factors of small scale expansion and
contractions can be attributed to polymerase slippage as well as environmental stress
factors (Gacy et al. 1995, Chatterjee et al. 2015). Expansion of DNA has only been
observed with structure forming repeat sequences leading to the conclusion that non-B
DNA structures are needed in order for expansion to take place (Gacy et al. 1995).
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Figure 2. Non-B DNA structures. A. Single hairpin structure from CXG motif. B. Gquadraplex structure from GGC repeats. C. Model of slipped-strand DNA formed from CTG
and CAG hairpins. D. Py-Pu triplex DNA forming H-DNA and sticky DNA. E. Easily
unwound DNA (Adapted from Mirkin et al. (2007)).
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Figure 3. Model showing hairpin formation leading to replication fork arrest. This model
demonstrates the formation of a hairpin structure which leads to the stalling of the replication
fork.
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Mismatch Repair Proteins
Various mechanisms have been proposed to contribute to the instability seen
within microsatellites. This includes DNA replication, base excision repair (BER), double
strand break (DSB) repair, nucleotide excision repair, recombination, mismatch repair
(MMR), and replication slippage (Schmidt et al. 2016). Replication slippage involves
slipped strand mispairing at a replication fork. It can account for the small scale
contractions and expansions seen within microsatellites (Chen et al. 2005). Slipped-strand
DNA can form during various metabolic processes including replication, repair,
recombination, transcription and at unwound DNA (Axford et al. 2013).
The strongest candidate for expansion mechanism behind microsatellite
expansions is likely the process of mismatch repair. While MMR usually functions as a
means of preventing mutations, it is a likely culprit for causing mutations which lead to
disease. MMR is unable to efficiently resolve hairpin structures that arise during
replication, DNA repair, and transcription. This has been identified to be responsible for
(CTG)•(CAG) expansions and has been shown in various model organisms wherein loss
of MMR proteins blocks repeat expansion (Schmidt et al. 2016).
MSH2 is a tumor suppressor gene that encodes a mismatch repair protein. It forms
a heterodimer with MSH6 to form the human MutSα mismatch repair complex. It also
dimerizes with MSH3 to form the MutSβ DNA repair complex. These complexes are
involved in various forms of DNA repair including transcription-coupled repair (Mellon I
et al. 1996), homologous recombination, and base excision repair (Wind et al 1995,
9

Pitsikas et al 2007). MutSα is known to be more abundant in cells and important in
recognizing single nucleotide misalignment, and MutSβ is needed to recognize larger
insertion/deletion loops. MutSβ is important for processing hairpin structure formations
(Gupta et al. 2012, Ellard 2017, SPIKE database 2011).
As such, the mismatch repair pathway is an important DNA repair pathway and
plays a vital role in maintaining genomic stability. This pathway is also conserved in
bacteria, yeast, and mammalian cells. Mutations within the MMR gene are associated
with a variety of cancers, namely a predisposition to developing hereditary non-polyposis
colorectal carcinoma (HNPCC) and Lynch syndrome (Pitsikas et al. 2007). In more
recent studies it has been shown that the mismatch repair protein MSH2 levels are altered
in non-melanoma skin cancers. MMRs interaction in DNA damage response to ultra
violet stressors reveals a link between MMR and base excision repair (Pitsikas et al.
2007).

Base Excision Repair Proteins
DNA polymerase Beta (Polβ) is involved in base excision repair (BER) which is
considered a gap-filling DNA synthesis. It is normally found in the cytoplasm but
translocates to the nucleus when DNA damage occurs (NCBI POLB, Idriss et al. 2002).
Base excision repair is responsible for deletion of damaged DNA bases and repairing of
DNA single stranded breaks (Barakat et al. 2012). Reduction in the base excision repair
pathway through Polβ deficiency has been linked to neurodegeneration,
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haploinsufficiency, accelerated DNA damage and increased mutational response to
carcinogens (Cabelof et al. 2003, Sykora et al. 2015).

Crossover Junction Endonucleases
Another mechanism involved in genome stability utilizes the crossover junction
endonucleases. When replication forks stall at non-canonical DNA, the template needs to
be processed to allow replication fork restart to occur (Ciccia 2003). Stalled or collapsed
replications forks can be restarted through the process of homologous recombination
repair (HRR). One of the proteins involved in this pathway is the MUS81 nuclease.
MUS81 forms a complex with either EME1 or EME2 depending on what stage the cell
cycle is in. MUS81-EME1 is active during G2/M phase, and MUS81-EME2 activates
during S phase (Pepe and West 2013). MUS81-EME1 complex is required in the
formation of double strand breaks after replication stalling, restarting of the replication
process, cleavage of common fragile sites, and repair of interstrand cross-links (Xing
2015, Pepe 2014.) The MUS81-EME2 complex is thought to process non-S phase HRR
D-loop structures by cutting the 3’-invading strand. MUS81-EME2 also acts on 5’-flap
structures to cleave the duplex arm. It has also been found that in telomerase negative
ALT (Alternative Lengthening of Telomeres) cells, MUS81-EME2 is needed for
telomere maintenance (Pepe 2013).
While the heterodimers of MUS81-EME1 and MUS81-EME2 are both
endonucleases, they have different cellular functions. MUS81-EME2 is not only
11

responsible for replication fork cleavage and restart in S-phase of the cell cycle; it is also
able to cleave various DNA structures including Holliday junctions and nicked duplexes.
MUS81-EME1 primarily functions in G2/M and is responsible for Holliday junction
cleavage and fragile site expression (Amangyeld 2013, Pepe 2014). Figure 4 shows a
summary of MUS81-EME1 and MUS81-EME2 heterodimers and their functions during
cell cycle.
In a recent study, it was suggested that MUS81-EME1 and MUS81-EME2 have
related but non-overlapping roles in DNA synthesis, with MUS81-EME2 having a more
dominant and versatile role than MUS81-EME1. In this study, MUS81-EME2 was able
to process intact Holliday junctions, nicked Holliday junctions, and nicked duplex and
gapped duplex DNAs in order to form DSBs; while MUS81-EME1 only efficiently
cleaved nicked Holliday junctions. In this study MUS81-EME2 showed higher activity
in vitro for various types of DNA structures when compared to MUS81-EME1. MUS81EME2 was shown to process a wider range of damaged non-B DNA structures that are
difficult to repair by other downstream repair pathways (Amangyeld et al. 2014).
A study specifically looking at PARP inhibitors resistance in BRCA2-deficient
ovarian cancers has also suggested that MUS81 deficiency enhances replication fork
protection, leading to chemoresistance and poor cancer prognosis (Rondinelli et al. 2017).
It is suggested that prolonged MUS81 activity at a stalled replication fork may be toxic.
This can result in uncontrolled fork degradation or collapse (Rondinelli et al. 2017). The
prolonged activity of MUS81 results in the restoration of replication fork progression, but
12

disables the double strand DNA break repair of homologous recombination. This
restoration of fork protection is thought to lead to the chemoresistance seen in MUS81
deficient tumors (Schlacher 2017). MUS81 null cancer cells during unperturbed growth
show a higher rate of DNA fork initiation, without activating novel replication origins,
and slower replication fork progression (Fu et al. 2015).
MUS81 has been found to interact with various checkpoint proteins such as
CHK1/CHK2, p53 and RAD51. It is also important in the survival of telomerase-negative
cancer cells by maintaining the genetic integrity of telomeres through alternative
lengthening of the telomeres pathway (Wu et al. 2010). Interestingly, while MUS81
deficient cells suffer increased replication stress sensitivity, MUS81 deficiency does not
promote tumorigenesis; however, it is associated with poor cancer prognosis (Dendouga
et al. 2005, Bartosova, Krejci, 2014). MUS81 downregulation has been connected
significantly to hepatic metastasis in colorectal cancers. It has also been connected with
poorer survival of patients compared with those with wild type MUS81 expression (Wu
et al 2010).
It has been hypothesized that prolonged MUS81 activity at replication forks can
lead to replication fork collapse (Rondinelli et al. 2017). This study also showed that
decreased MUS81 activity at replication forks lead to fork stabilization. It has also been
shown that MUS81 depletion reduces formation of double strand breaks, increases cell
survival and allows S-phase progression (Forment et al. 2011). Another study shows that
MUS81 has a role in the rate of replication fork progression. When MUS81 is absent,
13

DNA synthesis is slowed, suggesting a role of MUS81 in the pace of replication fork
progression (Pepe et al. 2014).
In a study by Fugger et al. (2013) showed that MUS81 or EME1 depleted cells
showed increased resistance to cytotoxic stress induced by hydroxyurea. Cells treated
with siMUS81 and siEME1 exhibited impaired activation of the pro-apoptotic factor p53,
and decreased double strand break formation following the treatment with hydroxyurea.
In this study, it suggests that FBH1 helicase, which has been shown to respond to cellular
replication stress, mediates activation of MUS81 while also regulating RAD51 activation
to suppress homologous recombination. Their results showed that in cells treated with
hydroxyurea, siRNA mediated knockdown of MUS81 or EME1 led to decreased double
strand break formation. Their model suggests that MUS81 mediated DNA double strand
breaks amplify checkpoint response proteins leading to apoptosis in order to eliminate
cells with prolonged replication stress (Fugger et. al, 2013). These results also suggest
that MUS81-EME1 may have a function during S phase.
In the present work, we describe a novel cell culture system in which we can
model the in vivo effects of siRNA, and shRNA mediated knockdown of the various
proteins mentioned previously, which are involved in microsatellite stability, replication
fork progression and genome stability. This cellular model represents a diseased state
expanded microsatellite which will be used as a model to show the effects of knocking
down these proteins in the presence and absence of hydroxyurea induced replication
stress. The following results indicate DNA repair pathways as a possible cause for
14

instability and double strand breaks seen within the DF2 Myc CTG100 cells. Using this
approach we show that expanded CTG microsatellites are also sites of replicationdependent chromosome breakage. Break-induced replication has been implicated in gross
chromosomal rearrangements found in cancers. Thus, these results are relevant to
understanding the basis for oncogenic genomic instability.
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Figure 4. Model for MUS81 EME1 and EME2 interaction. MUS81 forms a complex with EME2
during S-phase of the cell cycle, this complex is responsible for replication fork restart and Telomere
Maintenance. MUS81 forms a complex with EME1 during G2 and M phase of the cell cycle, this
complex is responsible for Holliday junction resolution and fragile site expression. The arrows
represent cleavage sites. The triangle represents a replication fork barrier.
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MATERIALS AND METHODS
Cell Culture
Cells were derived from a HeLa based acceptor cell line (HeLa/406 cells) with a
single FRT (FLP recombinase target) site (Figure 5). A plasmid containing FLP
recombinase and a donor plasmid containing CTG/CAG repeats along with a c-Myc
replicator were co-transfected into the HeLa/406 acceptor cells. This insertion site is
located on chromosome 18, and is a single integration site. The repeats are placed
adjacent to the c-Myc replicator so that the polarity of replication is known. The CTG
repeats are placed on the template for lagging strand synthesis. The official name for this
cell line is DF2 Myc (CTG/CAG)100. This represents a diseased state microsatellite. The
threshold frequency of trinucleotide repeats which can lead to a diseased state is over 50
repeats. 100 repeats of CTG/CAG were integrated into the cell line since this number
falls well beyond threshold and can represent a diseased state microsatellite. Another cell
line, DF2 Myc (CTG/CAG)23 representing a healthy length microsatellite, was also made
as a control. These cell lines were developed by Todd Lewis (Wright State University).
These cell lines were grown and maintained in Dulbeco’s Modified Eagle’s Medium
(DMEM) supplemented with 10% newborn calf serum and 5% CO2.

17

Figure 5. Chromosomal integration of c-Myc origin constructs. Diagram showing
acceptor cell line with single FRT site and donor plasmid with c-Myc replicator/ the
CTG/CAG repeats are right next to c-Myc replicator and form the basis of DF2 Myc
(CTG/CAG) cell lines.
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DF2 Myc (CTG/CAG)100
The primary cell line used in the following experiments is the DF2 Myc
(CTG/CAG)100 cell line (also referred to as CTG100 cells). Dual fluorescence 2 (DF2)
cell lines have two color marker genes, which are red (red fluorescent protein, dTomato)
and green (Green fluorescence protein, eGFP), whose presence or absence can be
analyzed by flow cytometry. The presence of both proteins will result in a yellow
reading, or double positive, whereas a loss of dTomato will result in green readings.
Likewise, loss of eGFP will result in red readings. The ectopic FRT integration site has
three identical Alu sequences denoted Alu-1, Alu-2, and Alu-3. These are known sites for
recombination. The c-Myc region follows Alu-2 and is an origin of replication.
CTG/CAG repeats are placed adjacent to the c-Myc replicator. Tomato is placed between
Alu-1 and Alu-2 while eGFP is placed between Alu-2 and Alu-3 (Figure 6). As
mentioned previously, the trinucleotide microsatellite region is placed adjacent to the cMyc region. These cell lines are designed so that if DNA undergoes breaks within the
trinucleotide repeat region, it would lead to separation of the color markers genes.
Depending on the type of damage and the repair mechanism and recombination patterns
taken by the cell, we can observe variation within flow cytometry profiles.
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Figure 6. Cell line constructs. Map of DF2 Myc (CTG/CAG)100(A), and DF2 Myc
(CTG/CAG)23 (B) cells. These cell lines will be referred to as CTG100 and CTG23
throughout this paper.
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siRNA treatment
CTG100 cells, and CTG23 cells (Figure 6A and B) (40% confluent) were
transfected with Lipofectamine 2000 Reagent (Thermo Fisher Scientific) and 100 nM
(final concentration) of small interfering RNA (siRNA) targeting MUS81 (Dharmacon),
EME1 (Invivogen), and EME2 (Invivogen), Polβ (Invivogen) in 6 well plates for either 2
(MUS81) tranfections 24 hrs and 96 hrs after initial plating of cells, or single (EME1,
EME2, MSH2, MSH3, MSH6, Polβ) transfection 24 hours after initial plating of cells.
Twenty-four hours after initial plating of cells. Forty-eight hours after initial plating of
cells, (CTG/CAG)100 were treated with 0.2 mM hydroxyurea (HU). Hydroxyurea is used
to induce replication stress by inhibiting ribonucleotide reductase and decreasing dNTP
levels. Control experiments were carried out using AllStars negative non-targeting
siRNA (Qiagen).
Fully confluent 10 cm plates were trypsinized, suspended in 6 ml of DMEM and
4x105 cells were put onto 6 well plates on day 0, allowing plates to be 30%-40%
confluent for the initial siRNA knockdown transfection. Twenty-four hours after plating
the cells onto a 6 well plate, wells were treated with siRNA (MUS81, EME1, EME2, or
siRNA control). siRNA transfection was performed as follows. In a 1.5 ml Eppendorf
tube 250 ul OPTIMEM and 10 ul Lipofectamine2000 was mixed and incubated for 5
minutes. In a second Eppendorf, 250 ul of OPTIMEM was mixed with 10 ul of the
respective siRNA (20 uM). After 5 minutes, the Lipofectamine2000 mix was added to the

21

siRNA mix and incubated for 20 minutes. The 6 well plates had 1.5 ml of 20% FBS
DMEM media added to them, without antibiotics. After 20 minutes incubation the siRNA
mix was added to the cells and incubated at 37 oC. The final concentration of the siRNA
was 100 nM. Twenty-four hours after siRNA transfection, cells were treated with 0.2 mM
hydroxyurea for 4 days after which they were allowed to recover for 4 days and then
were analyzed by flow cytometry and/or collected for DNA extraction. The 4 days of
recovery is important because it allows the preexisting red and green proteins to degrade.
This allows for the proper separation of colors by flow cytometry.

shRNA treatment
CTG100 cells (40% confluent) were transfected with Lipofectamine 2000
Reagent (Thermo Fisher Scientific) and 4 ug/mL of short hairpin RNA (shRNA) plasmid
targeting MSH2, MSH3, and MSH6 in 6 well plates for single transfection 24 hours after
initial plating of cells. Forty-eight hours after initial plating of cells, (CTG/CAG) 100 cells
were treated with 0.2mM hydroxyurea (HU). Control experiments were carried out using
AllStars negative non-targeting siRNA (Qiagen).
Fully confluent 10 cm plates were trypsinized, suspended in 6 ml of DMEM and
4x105 cells were put onto 6 well plates on day 0, allowing plates to be 30%-40%
confluent for the initial shRNA knockdown transfection. Twenty-four hours after plating
the cells onto a 6 well plate, wells were treated with shRNA (MSH2, MSH3, MSH6).
shRNA transfection was performed as follows. In a 1.5 ml Eppendorf tube 250 ul
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OPTIMEM and 10 ul Lipofectamine2000 was mixed and incubated for 5 minutes. In a
second Eppendorf, 250 ul of OPTIMEM was mixed with shRNA plasmid. After 5
minutes the Lipofectamine2000 mix was added to the shRNA mix and incubated for 20
minutes. The 6 well plates had 1.5 ml of 20% FBS DMEM media added to them, without
antibiotics. After 20 minutes incubation the shRNA mix was added. The final
concentration of shRNA was 4ug/mL. Twenty-four hours after shRNA transfection cells
were treated with 0.2 mM hydroxyurea for 4 days after which they were allowed to
recover for 4 days and then were analyzed by flow cytometry and/or collected for DNA
extraction.

PCR
Sensitive detection and quantification of the frequency of mutant microsatellite sequences
can be seen by using small pool PCR. Small pool PCR is an end-point PCR method
which allows for an increased estimate of a low abundance template. This has advantages
over a higher abundant template that has plateaued amplification early in the PCR. This
PCR technique is then used on a number of replicates, to increase the chances of seeing
mutations in the collected samples Using spPCR analysis of genomic DNA was
performed with an internal control primer set to assess differences between cells in the
population, as well as detect expansions, contractions or double strand breaks of the
microsatellite sequences of interest.
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Small pool PCR (spPCR) was performed using 50 pg-100 pg of genomic
DNA (around 1-10 genome equivalents). Three to four small pool PCR reactions were
performed on DNA template from each experimental condition. All PCR reactions
occurred in the presence of HotStar Taq polymerase Master Mix (Qiagen) with every
reaction. Amplification conditions for the ectopic site were 95 °C for 15 minutes, 94 °C
for 1 minute, 55 °C for 30 seconds, 72 °C for 45 seconds, and 72 °C for 5 minutes. Steps
two through four were repeated for forty-five cycles. Amplification conditions used for
endogenous DMPK were 95 °C for 15 minutes 94 °C for 1 minute, 58 °C for 1 minute,
72 °C for 1 minute and 72 °C for 10 minutes; steps two though four were repeated for 35
cycles. PCR products were resolved on an 8% polyacrylamide gel, and stained with
GelRed (Biotium). Images were obtained on a Fuji LAS-3000. Primers used are listed in
Table 1.
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Primer

Sequence

Product
Length

Blue-F

AAAAAAGATCCTCTCTCGCTAATCTCC

SFFV-R

GAACTTCCCTATTCTTGGTTTGG

406-R

GGAGGATGGAACACGGACGG

409-F

GAAGGGTCCTTGTAGCCGGGAA

DMPKUp-F

CTCACTGGTCACTGGTTTCTT

DMPKUp-R

CCAACCCAACTTCATCCTCTAC

Tom-F

CGAGGAGGTCATCAAAGAGTTC

BGH-R

TAGAAGGCACAGTCGAGG

GFP-F

ACGTAAACGGCCACAAGTTC

GFP-R

GTCCATGCCGAGAGTGATC

Lac-F

CTTCAAATCCGACCCGTAGA

TK-R

GTAAGTCATCGGCTCGGGTA

8937951

GTAGGTTCAAAGGGTGGGT

8937698

GGCAACGTGACAAGGAATG

Table 1. Primers used for spPCR and PCR
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515 bp/ 285
bp

125 bp

325 bp

812 bp

641 bp

8.1 kb

97 bp

siRNA treatment and Western blot
The protocol mentioned above for siRNA treatment was followed with the
respective cell lines and siRNAs. Cells were harvested at 24 hours, and 48 hours after
transfection to check for protein knockdown by western blot. Whole cell lysates from
treated or untreated CTG23 cells were prepared. After sodium dodecyl sulphatepolyacrylamide gel electrophoresis, membranes were probed for the respective proteins
to check that the treatment was successful. EME1 antibody (Abcam: ab88878) was used,
at a 1:500 dilution. MUS81 antibody (Abcam: ab14387) was used at a 1:500 dilution.
EME2 antibody (Abcam: ab129443) was probed at a 1:100 dilution. γH2AX (Millipore:
05-636) was used at a 1:20,000 dilution to check for change in baseline cellular DSB
formation. β-actin antibody (Sigma-Aldrich A5441) used at a 1:1000 dilution was used as
a loading control. After incubation with secondary antibody membranes were imaged on
a Fuji LAS-3000 using ImageReader.

Western blot and Hydroxyurea Sensitivity
HeLa cells were treated either with 2 mM HU for 6 hours (positive control), not
treated (negative control), or treated with 0.2 mM HU and collected every other day for
10 days. Whole cell lysates were prepared. After SDS gel electrophoresis membranes
were probed with various antibodies to check for DNA damage response. pCHK1
antibody (Cell Signaling) was used at a 1:500 dilution. pCHK2 antibody (Cell Signaling)
was used at a 1:500 dilution. γH2AX antibody (Millipore: 05-636) was used at a 1:20,000
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dilution. β-actin antibody (Sigma-Aldrich A5441) used at a 1:1000 dilution was used as a
loading control.

Immunofluorescence and Hydroxyurea Sensitivity
HeLa cells were treated with HU as mentioned previously. Cells were affixed to a
glass slide using 2% para-formaldehyde, and 0.2% of Triton X solution was used to
improve antibody permeability. Primary antibody of 1:5000 solution γH2AX (Abcam:
ab11174) was used. DAPI (1:25000 dilution) was used to visualize cell nuclei. Invitrogen
A11036 Alexa Fluor 568 was used as a secondary antibody. Images were taken on the
FV1000 confocal microscope.

Flow Cytometry
After cells were treated with siRNA and hydroxyurea to induce replication stress,
they were allowed to recover in DMEM medium with 10% NCS and antibiotics. Cells
were then harvested to analyze their flow cytometry profiles. Harvested cells were
aliquoted in 1.5 ml Eppendorf tubes and centrifuged (Eppendorf Centrifuge 5415D) at
300 rpm for 3 minutes. Media was aspirated and cells were washed with 300 ul cold PBS,
and were re-centrifuged at 300 rpm for 3 minutes. After a final wash of 200 ul cold PBS,
cells were analyzed using a C-Flow Plus Accuri Cytometer ®. Figure 7 shows how the
results will be represented by the flow cytometer; showing readings from the DF2 Myc
CTG100 and the DF2 Myc CTG23 cell lines. Flow cytometry readings included 20,000
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events, with gating placed around the densest number of cells. The top right quadrant
contains the double positive cells (yellow), top left the dTomato cells (red), bottom right
showing the eGFP cells (green) and bottom left showing the double negative cells which
have lost both color markers. In the readings acquired using the flow cytometer a
difference of 5% or more is considered to be significant.

Flow Cytometry to Detect Cell Cycle Phase
After siRNA treatment and collection of samples after 24 and 48 hours, cells were
harvested in 1.5 ml Eppendorf tubes and centrifuged at 500 rpm for 3 minutes. Media
was aspirated off and washed with cold PBS, then spun down at 500 rpm for 3 minutes.
Cells were then treated with 70% ethanol and permeabilized at -20 oC overnight. Cells
were then centrifuged at 1500 rpm for 5 minutes and the ethanol was aspirated. This was
followed by washing the cells with 1 ml cold PBS and adding 0.75 ul of 100mg/ml
RNAse and incubating at 37oC for 20 minutes. Lastly DRAQ7 (Cell Signaling) dye was
added at a final concentration of 7.5 uM and incubated at room temperature in the dark
for 30 minutes, after which cells were analyzed using C-Flow Plus Accuri Cytometer.
DRAQ7 dye was used in lieu of propidium iodide in order to reduce false reads from
dTomato red fluorescence protein.
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Figure 7. Flow Cytometry chart. Results produced by C-Flow Plus Accuri
Cytometer will be represented in this fashion. All results are with the DF2 Myc
CTG100 or the DF2 Myc CTG23 cell lines.
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Results
I.

Hydroxyurea is effective agent as replication stress and DSB inducer
It has been shown in previous studies that the DF2 Myc (CTG)100 cells are

sensitive to replication stressing agents. Both Figure 8 and Figure 9 were used to show
the efficiency of using hydroxyurea as a replication stressing agent. HeLa cells were used
in both of these experiments. In Figure 8, 2 mM HU was used for 6 hours to produce a
positive control, and negative control was non-treated cells. Other cells were treated with
0.2 mM HU and collected after 2, 4, 6, 8, and 10 days of treatment. γH2AX antibody was
used as an indicator of DSB and replication stress within the cells, DAPI was used as a
control to visualize cell nuclei. Figure 8 immunofluorescence shows increase in γH2AX
signal as the number of days increase with treatment. In Figure 9 HeLa cells were
harvested at the same intervals with the same treatment. Protein was extracted from these
cells to corroborate the findings from the immunofluorescence. The western blot allowed
for looking at the treated cells from a population stand point as well as using antibodies to
check for other signs of DNA damage response signaling. pCHK1, pCHK2 and γH2AX
were used to show the increase in DNA damage response signaling as the treatment with
HU continued through the time test. This shows that low dose hydroxyurea treatment is
an effective drug to use to elicit replication stress.
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Figure 8. Hydroxyurea is effective agent for inducing DNA replication stress.
Immunofluorescence of HeLa cells treated with hydroxyurea to induce replication stress and
DSB. Positive control was treated with 2 mM HU for 6 hours. Cells were collected in two day
intervals after being treated with 0.2 mM. Antibody against γH2AX was used as indicator of
replication stress with DAPI as a control.
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Figure 9. Western blot showing DNA damage response in presence of hydroxyurea. HeLa
cells were treated as mentioned previously, protein was harvested at the time intervals and
probed for pCHK2, pCHK1, and γH2AX, increasing in signal as the time course experiment
progressed. Beta actin was used as a loading control.
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II.

Knockdown of Mismatch Repair Proteins in DF2 Myc CTG100 cells affect
DNA damage tolerance
It was mentioned previously that MSH2 is a DNA mismatch repair protein; it is a

tumor suppressor and a caretaker gene. It dimerizes with MSH6 to form the MutSα
complex or dimerizes with MSH3 to form MutSβ. These proteins are important for
maintaining the stability of microsatellites by base mismatch repair of short
insertion/deletion loops. In previous studies with the CTG100 cell lines, it has been
shown that these cells are sensitive to replication stress induced by hydroxyurea and are
unstable. This lead to the interest in exploring if the CTG100 cells overcome replication
stress by means of mismatch repair proteins. This assay was performed with shRNA to
knock down MSH2, MSH3, and MSH6. Along with these various knockdowns, we
combined the knockdown with replication stress using hydroxyurea. The controls for this
assay were siControl as well as a siControl with hydroxyurea treatment. This way each
treatment was accompanied by a control. The use of siControl essentially meant there
was no protein knockdown. Results for these assays are shown in Figures 10-12.
Figure 10 shows flow cytometry profiles representing results for knockdown and
no knockdown of MSH2 in presence or absence of hydroxyurea. In shMSH2 treated cells
double positive (yellow) cells counted at 58.6% while control (untransfected) yellow cells
were 52.4%. GFP cells for shMSH2 treated cells were 29.3% while control GFP cells
were 34.6%. When cells were treated with hydroxyurea, control double positive cells

33

decreased to 41.1% and GFP cells increased to 48.4%, while shMSH2 treated cells with
hydroxyurea decreased double positive cells to 53.7% and increased GFP cells to 37.3%.
An increase in GFP signal (increase in green cells) from the flow cytometer indicates an
increase in double strand breaks. A decrease in GFP signal indicates a decrease in double
strand breaks. Not only did the treatment with shMSH2 increase the overall double
positive cells and decrease the GFP cell number, the overall increase of the GFP was
reduced from the control. These results show that the CTG100 cells tolerance for DNA
damage and replication stress is increased when treated with shMSH2. Knockdown of
MSH2 reduces the percentage of green cells (decreases the amount of double strand
breaks) in the absence or presence of hydroxyurea, suggesting that MSH2 knockdown
stabilizes the ectopic CTG microsatellite. The conclusion that the decrease in MSH2
protects the CTG microsatellite from DSBs is consistent with a previous study by Guo et
al. (2017) which shows that MSH2/3 (MustSβ) contributes to microsatellite instability.
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Figure 10. Flow cytometry of cells treated with shMSH2. (A) Control CTG100 cells not
treated with HU. (B) Control CTG100 cells treated with 0.2mM HU. (C) CTG100 cells
treated with shMSH2 without HU. (D) CTG100 cells treated with shMSH2 and HU.
Treatment with hydroxyurea causes an increase in green cells indicating occurrence of double
strand breaks. However, the knockdown of MSH2 reduces the number of green cells present
when treated with HU.
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MSH2 forms the MutSβ complex with MSH3. To test the prediction that the
MutSβ is involved in destabilization of the CTG microsatellite, DF2 Myc CTG100 cells
were transfected with shMSH3 (Figure 11). Control (untransfected cells) cells without
hydroxyurea treatment show 52.4% yellow cells and 34.6% green cells. With
untransfected controls, cells treated with hydroxyurea shows a decrease of yellow cells to
41.1% and increase of green cells to 48.4%, indicating an increase in double strand
breaks due to HU. CTG100 cells treated with shMSH3 show an increase in yellow cells
to 63.0% and decrease of green cells to 25.3%, and when treated with both shMSH3 and
hydroxyurea, double positive cells decrease to 54.1% and green cells increase to 35.7%.
The effects of shMSH3 knockdown are similar to the protective effects of shMSH2, in
either the presence or absence of hydroxyurea.
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Figure 11. Flow cytometry of cells treated with shMSH3. (A) Control CTG100 cells not
treated with HU. (B) Control CTG100 cells treated with HU. (C) CTG100 cells transfected
with shMSH3 with no HU. (D) CTG100 cells transfected with shMSH3 and treated with HU.
shMSH3 decreases green cells, +/- HU indicating a decrease in CTG100 double strand
breaks.
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MSH2 also forms the MutSα complex with MSH6, however MSH6-/- mice do not
show increased or decreased CTG/CAG microsatellite instability (Foiry et al. 2006).
Since MutSα has not been implicated in microsatellite instability, it is predicted that
knockdown of MSH6 would have little effect in the present flow cytometry assay. Figure
12 shows the flow cytometry results from DF2 Myc CTG100 cells treated with shRNA
against MSH6 in presence or absence of hydroxyurea. In Figure 12, control cells show
47.2% cells double positive, and 38.8% of the cells green. When treated with
hydroxyurea, control yellow cells fall to 38.5% and GFP cells increase to 51.4%. When
treated with shMSH6 without hydroxyurea, double positive cells increase to 54.1% and
GFP cells decrease to 33.0% from control. When treated with shMSH6 and hydroxyurea,
double positive cells decrease slightly to 52.6% and GFP cells increase slightly to 36.2%.
Thus, contrary to expectation, treatment with shMSH6 stabilized the CTG100
microsatellite against endogenous replication stress, and reduced the induction of CTG
double strand breaks by hydroxyurea.
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Figure 12. Flow cytometry of cells treated with shMSH6. (A) Control CTG100 control
cells not treated with HU. (B) Control cells treated with HU. (C) CTG100 cells transfected
with shMSH6 without HU. (D) CTG100 cells transfected with shMSH6 and treated with HU.
MSH6 knockdown protects against hydroxyurea double strand breaks. When combined
MSH6 and hydroxyurea treatment the HU effect diminishes.
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III.

Loss of base excision repair protein Polβ affects the DNA replication stress
response.
As mentioned previously, DNA polymerase beta (Polβ) is responsible for

performing base excision repair (BER) which is required for DNA maintenance,
replication, and recombination. Because Polβ has been shown to be recruited by MutSβ
and act downstream of MSH2, we thought it was important to look at its effects on the
DF2 Myc CTG100 cell line when knocked down with siRNA. As before with the MSH2,
MSH3, and MSH6 assays, CTG100 cells were treated with siPolβ with or without
hydroxyurea. This was accompanied with siControl and siControl with hydroxyurea
treatment. Results for this assay are shown in Figure 13.
The flow cytometry profile from Figure 13 shows data for knockdown or no
knockdown of Polβ in presence or absence of hydroxyurea. In the control, 78.1% of cells
are found to be double positive and 11.0% are GFP positive. When treated with
hydroxyurea, control cell (untransfected) double positive numbers decrease to 60.6% and
GFP positive cells increase to 23.3%. When treated with siPolβ, double positive numbers
increase slightly to 77.4%, the GFP positive cells staying about the same at 11.7%.
However, when treated with siPolβ and hydroxyurea, double positive cells increased to
72.2% and GFP cells have a dramatic decrease to 16.5%, compared with control.
Therefore, treatment with siPolβ did not affect spontaneous CTG instability, but
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protected against hydroxyurea induces double strand breaks. These results suggest that
knockdown of the base excision repair pathway has little effect on endogenous levels of
replication stress, but could contribute to DSBs at higher levels of replication stress in
the expanded microsatellite. This is consistent with the role of MMR (MutSβ) and Polβ in
microsatellite instabiltiy (Guo et al., 2017).
Although the results obtained with the shRNA treatment of MSH2, MSH3,
MSH6, and Polβ exceeded the 4-5% threshhold of biological significance that we have
found with this system, these are preliminary results that will need to be repeated to attain
statistical significance. At this point, the data presented show a pattern but will need to be
further explored to show definitive results.
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Figure 13. Flow cytometry of cells treated with siPolβ. (A) Control CTG100 cells without
HU treatment. (B) Control CTG100 cells treated with HU. (C) CTG100 cells treated with
siPolβ without HU treatment. (D) CTG100 cells treated with siPolβ and with HU. Polβ
siRNA reduces the effect of hydroxyurea.
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IV.

Loss of crossover junction endonuclease affects DNA damage tolerance
As mentioned earlier, MUS81 is a crossover junction endonuclease and is

involved in the resolution of reversed replication forks, and also plays an essential role in
completion of homologous recombination. MUS81 forms a complex with either EME1 or
EME2 to process D-loops and Holliday junctions. Because resolving Holliday junctions
is important in recombination and double strand break repair, we looked at how knocking
down MUS81, EME1, and EME2 would affect the DF2 Myc CTG100 cells. These
knockdowns were also accompanied by inducing replication stress with hydroxyurea.
This was combined with using siControl along with siControl and hydroxyurea treatment.
Results for these assays are shown in Figures 14-17.
Figure 14 shows the flow cytometry profiles of CTG100 cells with or without
knockdown of MUS81, in the presence or absence of hydroxyurea. Control cells were
double positive at 75.6% and 18% are found to be eGFP positive. Under the replication
stress caused by hydroxyurea, the control cells double positive decrease to 43.0%, and
eGFP increases to 50.3%. When treated with siMUS81, the double positive cells increase
to 82.7% and eGFP signal falls to 13%. When the knockdown of MUS81 was combined
with hydroxyurea, the double positive cells decrease to 69.8% and the eGFP cells
increase to 25.7%. The increase of eGFP cells in the siControl was 32.3%. In the
siMUS81 treated cells, the eGFP count increased by only 12%. siMUS81 protects against
spontaneous double strand breaks, and hydroxyurea induced double strand breaks (Quinet
et al. 2017).
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Figure 15 shows the same assay as Figure 14; the only difference in this assay
was that we used DF2 Myc CTG100 cells that were undergoing spontaneous DNA double
strand breaks and did not have as high of a percentage of double positive cells at the
beginning of the experiment. The double positive cells for the control are 52.9% and the
eGFP positive cells were at 42.7%. When treated with hydroxyurea, the control cells
double positive number decreased to 45.0% and the eGFP positive cells increased to
50.6%. However, when these cells were treated with siMUS81, the double positive cells
drastically increased to 84.8% and the eGFP cells decreased to 13.2%. The combination
of siMUS81, along with hydroxyurea, decreased the double positive cells to 73.0% and
the eGFP cells increased to 23.6%. The overall increase in eGFP cells after treatment
with hydroxyurea in this rescue experiment was very similar. The control was 7.9%
increase in eGFP, and in the siMUS81 cells the eGFP cells increased by 10.4%. siMUS81
significantly protects against double strand breaks in the absence or presence of
hydroxyurea.
The results from both Figure 14 and Figure 15 seem to indicate that under normal
replication conditions, knocking down MUS81 has a pronounced stabilizing effect on the
CTG repeats in these cells. These results imply that in the absence of MUS81 nuclease
activity, there are fewer DSBs introduced at reversed forks near the CTG microsatellite.
The knockdown of MUS81 in healthy cells which are undergoing fewer double strand
breaks, seems to offer a stabilizing effect when treated with HU as well. There are
significantly fewer cells shifting to green (fewer double strand breaks occurring) when
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these healthier cells are treated with HU (Figure 14). However, when unhealthy cells
which are undergoing a higher rate of double strand breaks are treated with HU induced
replication stress, its stabilizing effect is minimized because the overall increase in eGFP
cells is similar, despite the difference in double positive cells (Figure 15). Knocking
down the MUS81 protein in the CTG100 cells essentially halted the spontaneous double
strand breaks that were occurring within this cell line. These results suggest a toxic effect
of MUS81 in cells with expanded microsatellites during normal replication.
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Figure 14. Loss of MUS81 in CTG100 cells affects DNA stability. (A) Flow cytometry
profile of CTG100 control untreated cells. (B) Flow cytometry profile of CTG100 cells
treated with siControl and HU for four days (C) Flow cytometry profile of CTG100 cells
treated with siMUS81 (D) Flow cytometry profile of CTG100 cells treated with siMUS81 and
HU for four days. siRNA MUS81 knockdown protects against endogenous and HU induced
double strand breaks.
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Figure 15. Loss of MUS81 rescues cells by decreasing events of spontaneous double
strand breaks during normal replication. (A) Flow cytometry profile of CTG100 control
untreated cells. (B) Flow cytometry profile of CTG100 cells treated with siControl and HU
for four days (C) Flow cytometry profile of CTG100 cells treated with siMUS81 (D) Flow
cytometry profile of CTG100 cells treated with siMUS81 and HU for four days. siRNA
knockdown of MUS81 protects against endogenous and HU induced double strand breaks.
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Figure 16 shows the flow cytometry profile for the CTG100 cells treated with
siEME1. The untransfected control population in this assay was 75.6% double positive
and 18% eGFP. When the control cells were treated with hydroxyurea, the double
positive cells decreased to 40.3% and the eGFP cells increased to 50.3%. When treated
with siEME1, cells showed a slight increase in double positive cells, increasing to 77.8%,
while the eGFP cells decreased slightly to 16.1%. These effects were slightly more
pronounced when the assay was performed on cells that were experiencing higher rates of
spontaneous double strand breaks, averaging about a 10% increase in double positive
cells when treated with siEME1, under normal replication conditions. When treated with
siEME1 and hydroxyurea, double positive cells decreased to 47.4% and eGFP cells
increased to 45.4%. These results indicate that EME1 is slightly involved in the
contributing to microsatellite instability during normal replication process. Knockdown
of EME1 does not dramatically protect against double strand breaks.
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Figure 16. Loss of EME1 provides minor stability to CTG100 cells. (A) Flow cytometry
profile of CTG100 control untreated cells. (B) Flow cytometry profile of CTG1000 cells
treated with siControl and HU for four days. (C) Flow cytometry profile of CTG100 cells
treated with siEME1. (D) Flow cytometry profile of CTG100 cells treated with siEME1 and
HU for four days. There is slight protection against double strand breaks with EME1 is
knocked down.
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Figure 17 shows flow cytometry results for siEME2 knockdown assay in the
presence or absence of hydroxyurea. The control sample, which showed double positive
cells at 75.6%, with eGFP at 18%. When treated with hydroxyurea, double positive
decreases to 43.0% and eGFP increases to 50.3%. When treated with siEME2 the double
positive cells decrease drastically to 63.6% and eGFP increases to 28.9%. Under
hydroxyurea treatment and siEME2, double positive cells decrease further to 38.4% and
eGFP increases to 53.5%. Loss of EME2 promotes double strand breaks, possibly by
increasing the levels of MUS81-EME1 dimers. In contrast, knockdown of EME2
neutralizes the S-phase effect of hydroxyurea on double strand breaks. This assay shows
that knocking down EME2 causes the DF2 Myc CTG100 cells to alter their ability to
tolerate non-B DNA structures formed from the CTG/CAG repeat. EME2 is an important
protein to the cell during DNA replication under normal conditions, and important in the
crossover junction endonuclease function of the cell during replication stress.
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Figure 17. Loss of EME2 in CTG100 cells affects DNA damage tolerance. (A) Flow
cytometry profile of CTG100 control untreated cells. (B) Flow cytometry profile of CTG100
cells treated with siControl and HU for four days (C) Flow cytometry profile of CTG100 cells
treated with siEME2 (D) Flow cytometry profile of CTG100 cells treated with siEME2 and
HU for four days. siEME2 enhances endogenous breaks. The knockdown of EME2 does not
dramatically reduce HU effect.
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Figure 18 shows a summary of the statistical analysis acquired from the
siRNA treatment of MUS81, EME1, and EME2 in the CTG100 cells. Using
standard normal value equation

z =

X−µ
σ

where x is the single sample value, μ

is the mean, and σ is the standard deviation. P value was calculated from the z
score using one-tailed hypothesis, and a significance level of 0.05. The bar graph
shows the mean for the particular data, including all the control values for that
particular category plus the single sample value. The standard deviation was
calculated with the same data that was included in the bar graph. A p value < 0.05
is considered significant. The pattern observed with the CTG100 cells treated with
siMUS81 showed statistical significance when compared with the control both in
the no treatment (NT) and HU samples, indicating a consistent observed increase
in amount of yellow cells detected by flow cytometry. Also of significance was
the consistent decrease in amount of yellow cells when CTG100 cells were treated
with siEME2 during normal replication.
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Figure 18. Statistical analysis of the flow cytometry results from siMUS81, siEME1, and siEME2. Analysis
was derived from cellular populations of each of the repeated assays with the various siRNA treatments. The pvalue shows significance of the compared numbers. The standard deviation bar shows the average range of the
compared populations. Discrepancy between the statistics shown in the graph compared to flow cytometry data
is caused by the variability between repeats of the experiments.
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Figure 19. Western blot proof of concept siRNAs. Western blot showing the effect of
siRNA treatment on CTG23 cells for siMUS81 (A), siEME1 (B), and siEME2 (C), cells were
collected at time points 24 and 48 hours after treatment as well as no treatment (NT) cells for
control. γH2AX levels were also measured to see if knocking down of the proteins mentioned
previously caused replication stress and DSB. MUS81 knockdown caused a decrease in basal
γH2AX signal. EME1 knockdown caused a slight increase in γH2AX signal at 24 and 48
hours, and knockdown of EME2 caused a large increase in γH2AX signal at 48 hours.
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V.

DF2 Myc CTG100 cells spPCR of ectopic and endogenous microsatellite
Since the flow cytometry showed a noticeable change in the CTG100 cells caused

by the knockdown of MUS81, EME1 and EME2, we wanted to see if there were any
noticeable breaks or changes within the DNA, namely with PCR. First we checked that
the siRNA successfully knocked down its target protein with Western blot as seen in
Figure 19.
We wanted to check the expanded microsatellite, as well as an endogenous
microsatellite, in this case the DMPK locus. DMPK is also a CTG microsatellite, so we
thought it would be a good comparison for the expanded ectopic CTG100 microsatellite.
The PCRs shown here are of the population of DF2 Myc CTG100 cells after treatment
with siRNA with or without hydroxyurea. The PCR primers work by having primers
attach on either side of the ectopic site, or either side of the endogenous DMPK locus.
Also included in each PCR were primers that attach elsewhere in the genome, not
associated with any microsatellite, to act as a loading control. The ectopic microsatellite
samples, as well as the endogenous DMPK samples contained 50 pg of genomic DNA
(small pool PCR).
Despite the changes seen on the flow profiles after purifying the genomic DNA,
there are few if any noticeable differences on the polyacrylamide gels. This is apparent in
both the gels that show the ectopic site as well as the gels that show the DMPK site. This
is probably because even though the flow profiles show change, the double positive cells
still number about half of the total cells even after siRNA treatment, or treatment with
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hydroxyurea. This does not mean that there is no genomic change, it just means that what
changes have occurred are few and cannot be seen with this method (Figure 20, and 21).
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Figure 20. Small pool PCR of CTG100 cells treated with various siRNAs and HU show slight loss of
microsatellite signal. (A) spPCR of siMUS81 treated CTG100 cells. (B) spPCR of siEME1 treated CTG100
cells. (C) spPCR of siEME2 treated CTG100 cells.
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Figure 21. CTG100 cells treated with siRNA and HU show no loss of signal for endogenous
microsatellite DMPK. (A) siMUS81 spPCR of endogenous DMPK. (B) siEME1 spPCR of endogenous
DMPK microsatellite. (C) siEME2 spPCR of endogenous DMPK microsatellite.

58

VI.

DF2 Myc CTG100 cells sorted by color marker
In order to perform more sensitive testing for mutations caused by siRNA and

hydroxyurea treatments, DF2 Myc CTG100 cells were taken to Cincinnati Children’s
Hospital and sorted according to color marker using their five laser Arni flow cytometer.
The CTG100 cells were sorted according to color, either double positive (yellow, red+
green), eGFP (green), or double negative (no color markers). The samples sorted were
cells pre-treated with siMUS81, siEME1, or siEME2, all of which had been treated with
hydroxyurea for four days and given four days to recover. The four days of recovery is
important because it allows for degradation of the color marker proteins from the start of
the assay. This will show only the newly synthesized color marker proteins, which could
change depending on what effect the assay had on the template. This recovery time
allows for the separation of the color markers. Around 20,000 cells from each sample
were sorted and used for spPCR.
PCR and spPCR are different in terms of detecting changes in a very small
population of cells. PCR that was performed on cells sorted compared to the unsorted
cells gave different results. This is probably because even though spPCR uses a miniscule
amount of template (50 pg), usually 50% of the cells were still double positive with
double negative cells usually being about 10% of the total sample and GFP cells around
30-40% of the total population. Even with using 50 pg of sample the likelihood of
selecting template that did not have double strand breaks was still more likely. Cell
sorting eliminated this probability and allowed the changes that occurred because of the
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various protein knockdowns to be clearly seen. The results that show the outcome from
the cell sorting are Figures 22-24.
As in the previous experiment, we wanted to look for any expansions,
contractions, or breaks, within the expanded microsatellite of the ectopic site as well as at
the endogenous DMPK locus. With so little sample to work with we combined the
primers for the ectopic site and the DMPK locus in each spPCR. In Figure 22, the double
negative samples for both MUS81 and EME1 gave very contracted bands (*) arising
from slipped strand reannealing during PCR. This shows the loss of ectopic signal
relative to DMPK in several lanes, as well as the very short PCR products in 22A and
22B. The short products seen in 22A and 22B are likely PCR products of loss of the CTG
repeat, as well as loss of flanking DNA.
Figure 22C however, shows the most interesting and unexpected results. The
double negative samples show loss of the ectopic microsatellite signals, as well as
contraction of the DMPK locus in a fraction of the cells (also seen in Figure 23B).
Knockdown of EME1, MUS81 and EME2 all gave changes at the ectopic site and at the
endogenous DMPK in a subpopulation of cells (double negative). These data suggest that
MUS81, EME1 and EME2 have prominent roles in maintaining stability in both larger
and smaller microsatellites; as shown by the effect these knockdowns had in both the
exogenous and endogenous microsatellite repeat.
We wanted to explore the possible mutation within the endogenous DMPK locus,
so the spPCR was repeated with the DMPK primers as well as traditional Internal Control
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primers, which bind elsewhere in the genome and are not associated with any
microsatellite. This is seen in Figures 23 and 24. Figure 23 A and B show DMPK locus
of siMUS81 and siEME1 treated cells respectively. The MUS81 treated cells showed no
change within the DMPK locus. Figure 23 B siEME1 samples show a new band in
double positive cells treated with hydroxyurea. This suggests that a small population of
cells had a small microsatellite contraction occur without loss of any color marker. Figure
24 A shows the polyacrylamide gel of the double positive sample and the eGFP sample
of the DMPK microsatellite. The faint bands above the dark DMPK band indicate some
expansion occurring within the endogenous microsatellite. Figure 24 B shows the double
negative sample of the siEME2 treated cells. The DMPK shows primarily contraction of
the DMPK locus, but also several expansion events with a band between the primary
DMPK band and the Internal Control band that does not appear on the Control portion of
the gel. The new bands that appear in Figure 24 B lanes 5-8 are consistent with
spontaneous breaks seen by siEME2 treated cells in Figure 17. This is consistent with
MUS81-EME2 activity during S-phase of the cell cycle.
Cells were sorted according to change in color marker at the expanded
microsatellite within the ectopic site (double positive, green, and double negative).
However the double negative cells show deletion and instability at an unrelated DMPK
site. In cells that are affected by the siRNA both ectopic and endogenous repeats are
affected. This indicates that the knockdown of EME2, in combination with replication
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stress, leads to microsatellite expansion and contraction not only of expanded
microsatellites but also of endogenous microsatellites within the cell.
These results suggest that a subpopulation of cells is hypersensitive to DSBs
following EME2 knockdown plus HU; this hypersensitivity is reflected at the ectopic and
endogenous CTG microsatellites.
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Figure 22. Sorting cells by color shows mutations occurring because of siRNA knockdown. (A) siMUS81
spPCR showing ectopic site and endogenous DMPK. (B) siEME1 spPCR showing ectopic site and endogenous
DMPK. (C) siEMEM2 showing ectopic site and endogenous DMPK. All knockdowns show effects at DMPK and
the expanded ectopic microsatellite region in a fraction of double negative cells.
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Figure 23. siMUS81 and siEME1 have slight effect on endogenous microsatellite
DMPK. (A) CTG100 cells treated with siMUS81 separated by color markers spPCR
of DMPK. (B) CTG100 cells treated with siEME1 separated by color markers spPCR
of DMPK. Samples contain 50 pg of template each. This conclusion is different to the
conclusion form fig 25 A and B. This could be because of the diversity of spPCR
sampling, or due to knockdown efficiency. siEME1 samples showed slight
contraction within the endogenous microsatellite in the double positive sample and
slight loss of signal in the GFP sample, indicating presence of DSBs.
64

siEME2 + HU

A

Control

DP

GFP

700 bp

Internal
Control

300 bp

*
DMPK

*
100 bp

siEME2 + HU
Control

B

Double negative

700 bp

300 bp

*

Internal
Control

**
DMPK

*
100 bp

Figure 24. siEME2 treatment leads to contraction of endogenous microsatellite
DMPK. (A) CTG100 cells treated with siEME2 sorted by color marker double
positive (yellow) and GFP (green) spPCR for DMPK. (B) CTG100 cells treated with
siEME2 sorted by color marker double negative (loss of both dTomato and eGFP)
spPCR for endogenous DMPK. While knockdown of EME1 seems to cause some
mutations, it does not have a higher mutation frequency to siEME2.
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VII.

DF2 Myc CTG100 sorted red cells after treatment with shRNA and siMUS81
A striking consistent observation was that a significant percentage of cells DF2

Myc (CTG)100 cells treated with I-Sce1 turned red (Figure 25 E-H), whereas the same
cells spontaneously turned green, which was exacerbated by treatment with HU (Figure
25 A-D). These results suggest that a “clean” DSB generated by I-Sce1 restriction
enzyme digestion could be processed by cells to allow homologous recombination
between the Alu sites flanking the eGFP gene, but that a replication-dependent double
strand break could not be processed this way.
To begin to identify which proteins could be involved in the difference of color
markers seen from cells treated with I-Sce1, and cells that normally turn green. Samples
were taken to Cincinnati Children’s Hospital to use the flow cytometer, and sorted by
dTomato (red) color markers. These samples were the DF2 Myc CTG100 cells transfected
with a mixture of about fifty shRNA plasmids, and treated with hydroxyurea for four
days, and allowed to recover for four days before being sorted. Also sorted for red cells
were siMUS81 treated cells without hydroxyurea treatment. The results of this treatment
and sorting are seen in Figure 26.
As shown in previous work in the thesis by Rujuta Gadgil (2016), eGFP positive
cells are unstable and die within about a week of shifting to green. This is because of the
position of the trinucleotide repeat. The centromere is to the right (Figure 6) of the CTG
trinucleotide repeat. If DNA undergoes a double strand break that cannot be repaired, it
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leads to cellular death. This break is catastrophic to the cell because it is a significant loss
of the dTomato region and beyond is a significant portion of the arm of the chromosome.
Because this loss is so extensive it may cause the positive GFP cells to undergo apoptosis
causing the GFP cells to gradually die off and the flow profile to shift back from green to
yellow (Gadgil 2016).
The chromosome upstream of the eGFP site has a catastrophic double strand
break occur due to replication stress. The loss of the acentric chromosome fragment that
transpires is not sustainable and the cells that this happens to in die within days of it
occurring. Theoretically dTomato positive cells should have a stable recombination, and
therefore, were allowed to set down on a 10 cm plate and grow to confluency. After
reaching confluency on the plate, cells were collected and flow cytometry profiles were
taken for the shRNA mixture of cells and the siMUS81 red cells seen in Figure 26 A, and
B respectively. The shRNA treated cells show 35.8% dTomato positive and 57.7%
double negative. And the siMUS81 treated cells show 55.1% dTomato positive and
33.5% double negative.
After completion of flow cytometry, the sample templates were purified for PCR
and spPCR. Figure 27 A shows the spPCR results of the ectopic site of the isolated red
cells. The spPCR showed new bands above ectopic band in siMUS81 red cells in the final
lane of the siMUS81 section, as well as the middle and last lane of the shRNA treated
mixture red cells.
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Figure 25. Differential Processing of DNA DSBs in CTG100 cells. Depending on the type of break that
occurs determines what color the cells shift to. (E-H) When cut with the enzyme I-SCE1 a clean double strand
break occurs and cells shift to red. (A-D) When a double strand break occurs due to replication stress brought
on by various drug treatments (HU, or APH) cells shift to green. This does not occur in CTG14 cells because it
does not have an expanded microsatellite. Figure provided by Dr. Todd Lewis.
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B

A

Figure 26. Cell sorted shRNA treated dTomato cells flow cytometry. Flow cytometry results for
(A) shRNA mixture treated CTG100 cells treated with HU for four days and sorted for red cells by
flow cytometry. (B) CTG100 cells treated with siMUS81 without HU and sorted for red cells by flow
cytometry. Flow cytometry profile indicates that red cells continue to undergo loss of dTomato.
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Figure 27. Cell sorted shRNA treated dTomato cells PCR. spPCR of ectopic site from sorted red
siMUS81 and shRNA mixture cells. Samples contained 50 pg template The (*) seen in this figure of
the dTomato positive cells is the various expansion and contraction events that have occurred in the
isolated red cells. The fading seen in the first lane of the shRNA red sample is indicative of loss of
ectopic site signal, or double strand breaks. The majority of the red positive cells seem to be point
mutations within the eGFP site causing loss of the green protein making the cells appear red, as
indicated by the ectopic site band appearing primarily at the same length as the CTG100 control cells.
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VIII.

DF2 Myc CTG23 Cells treated with siRNA showed change is cell cycle
MUS81 forms complexes with either EME1 or EME2, depending on the phase of

the cell cycle. In order to see if the siRNA treatment had an effect on the cell cycle DF2
Myc CTG23, cells were treated with siMUS81, siEME1 or siEME2 and collected at 24 or
48 hours after treatment, along with a control treated with siControl collected 48 hours
after treatment. Samples were treated with DRAQ7 dye (Cell Signaling) and analyzed by
flow cytometry. The results of this assay are seen in Figure 28.
Figure 28 A shows siControl treated cells, which exhibits the usual G1-S-G2-M
phases. The siMUS81 treated cells collected at 24 hours (Figure 28 B) show an increase
in cells in S phase. At 48 hours (Figure 28 C) the first peak, indicating G1 phase, has
decreased which could indicate a slowing of cell cycle progression as not as many cells
are cycling back to the G1 phase. The large sub G1 phase could indicate a population of
cells undergoing apoptosis as a result of the siRNA treatment.
The cells treated with either siEME1, or siEME2 have a dramatic shift in the
DRAQ7 charts, when collected at 24 hours (Figure 28 D, and F). The siRNA treatment
seems to have caused cell cycle arrest in S phase. After 48 hours EME1 treated cell
profile looks like the control and has returned to normal (Figure 28 E). EME2 cells after
48 hours are returning to normal with the reappearance of the G1 peak but the S-G2
peaks have not recovered completely. Knocking down of MUS81, EME1, and EME2 has
effects on how cell cycle is able to progress; slowing progression with depletion of
MUS81 and S-phase arrest with depletion of EME1, and EME2.
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Figure 28. Treatment with siMUS81, siEME1, and siEME2 cause change in cell cycle.
(A) Control CTG23 cells treated with siControl. (B) CTG23 cells treated with siMUS81
collected 24 hours after transfection. (C) CTG23 cells treated with siMUS81 48 hours after
transfection. (D) CTG23 cells treated withsiEME1 collected 24 hours after transfection. (E)
CTG23 cells treated with siEME1 48 hours after transfection. (F) CTG23 cells treated with
siEME2 collected 24 hours after transfection. (G) CTG23 cells treated with siEME2 collected
48 hours after transfection. Treatment with siMUS81 at 24 hours caused a shift in the x-axis.
Treatment with siEME1 and siEME2 caused an S phase arrest of the cells.
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IX.

DF2 Myc CTG23 cells show no change in flow cytometry profile in response
to siRNA treatment.
As additional controls for the siRNA treatments and results seen within the

CTG100 cells, namely the expansion and contraction of the endogenous microsatellite
DMPK, we thought it important to see if knocking down of MUS81, EME1, and EME2
had any effect on the CTG23 cell lines, which contain a wild type length CTG
microsatellite at the ectopic site. The CTG23 cells were treated with the aforementioned
siRNAs with or without hydroxyurea for four days, and allowed four days to recover
from treatment. These results can be seen in Figure 29-31.
The siControl flow profile showed 94.5% double positive cells and 0.7% eGFP
positive cells. After treatment with hydroxyurea, the numbers remain unchanged. This
has been demonstrated in previous studies and this cell line is more stable and resistant to
replication stress. After treatment with the respective siRNAs with or without
hydroxyurea, the flow cytometry charts remain mostly unchanged. The CTG23 cell line
is more stable and more resistant to double strand breaks than the CTG100 cell line. This
is due to fewer repeats in the CTG23 cells compared to the CTG100 cells. This offers the
cells more stability, despite the changes in cell cycle at 24 and 48 hours in the DRAQ7
assay, compared to the flow results of hydroxyurea vs. recovery.
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Figure 29. siMUS81 treatment has no effect on DSBs in CTG23 cells. (A) CTG23 cells
control with no treatment of HU (B) CTG23 control cells with HU treatment. (C) CTG23
cells treated with siRNAMUS81 without HU. (D) CTG23 cells treated with siMUS81 and
HU.
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Figure 30. siEME1 has no effect on DSBs in CTG23 cells. (A) CTG23 cells control with no
treatment of HU (B) CTG23 control cells with HU treatment. (C) CTG23 cells treated with
siEME1 without HU. (D) CTG23 cells treated with siEME1 with HU.
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Figure 31. siEME2 has no effect on DSBs in CTG23 cells. (A) CTG23 cells control with no
treatment of HU (B) CTG23 control cells with HU treatment. (C) CTG23 cells treated with
siEME2 without HU. (D) CTG23 cells treated with siEME2 with HU.
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X.

DF2 Myc CTG23 cells show no change in ectopic microsatellite or endogenous
microsatellite DMPK with spPCR
In addition to flow cytometry, it was important to look at the DNA templates of

the siRNA treated CTG23 cells. After the flow cytometry profiles were taken, sample
templates were purified and spPCR was performed. Primers slightly upstream and
downstream of the ectopic site were used; as well as primers upstream and downstream
of the endogenous DMPK locus. Additionally, internal control primers which are not
associated with any microsatellites were used as an internal PCR control.
In agreement with the flow cytometry profiles shown previously, the spPCR did
not show any noticeable change within the template in response to siRNA as well as
hydroxyurea treatment. The contractions and expansions of the microsatellite seen within
the CTG100 cell lines are not numerous enough to show in spPCR (Figure 32).
Interestingly however, Figure 32 A shows new bands for all siRNAs at the ectopic site.
Taken together, these results suggest that expanded CTG100 repeats are sensitive to
breakage under replication stress, while the wild type length CTG repeats show
expansion instability.
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Figure 32. siRNA treatment has no effect on spPCR of CTG23 cells. (A) spPCR
of CTG23 cells showing the ectopic site in cells treated with siMUS81, siEME1, and
siEME2. (B) spPCR of CTG23 cells showing the endogenous DMPK site in cells
treated with siMUS81, siEME1, and siEME2. The asterisk seen seems to indicate a
tendency toward expansion instability at the ectopic site.
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Discussion
MutSα/ MSH2-MSH6, and MutSβ/ MSH2-MSH3 loss lead to replication stress
damage tolerance, and microsatellite stability
The dual fluorescence of the CTG100 and CTG23 cell lines assay the occurrence
of double strand breaks that happen either spontaneously or as a result of replication
stress drug treatment. It has been established in a previous study from this laboratory that
the ectopic microsatellite in DF2 Myc CTG100 cells is spontaneously unstable, and
increasingly unstable under replication perturbed conditions. These assays were
conducted to continue a previous study on the effects of knockdown of various proteins
involved in microsatellite stability, and to see their effects on the DF2 Myc CTG100 cell
line. The work shown previously confirms the effect of HU on the CTG100 cell line
compared to the CTG23 cell lines.
It has been previously established that MSH6, which is required to form MutSα is
important in processing single nucleotide misalignment. In unperturbed cell cycles with
knockdown of MSH6, cells showed a greater shift to double positive on the flow
cytometry profile, as well as a slightly reduced response to replication stress, indicating
that knockdowns of these proteins lead to stabilization within the cell line. These results
agree with a study that was performed on microsatellite mutational biases due to
depletion of mismatch repair proteins. It showed that MSH2 deficiency lead to single
base-pair deletion bias. MSH6 deletion bias favored insertion (Shah et al 2010). These
results however are at odds with a previous study by Foiry et al. (2006), which showed
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that MSH6-/- mice do not show increased or decreased CTG/CAG microsatellite
instability, whereas MSH2 and MSH3 play important roles in microsatellite expansions.
Specifically, intergenerational expansion occurs in CTG repeats. These data implicates
MSH3 as an illicit key in the extreme expansions observed in patients with DM1. In this
study knocking down of MSH3 led to decrease in expansions of microsatellites (Foiry et
al 2006).
Treatment with shMSH2 or shMSH3 (MutSβ) led to an increase in double
positive cells (fewer double strand breaks) in CTG100 cells, with a greater stabilizing
effect being seen with the shMSH3 assay. MSH3 has been implicated as responsible for
microsatellite repeat expansions (Schmidt et al. 2016). It has also been shown that
deletion of this protein favors larger deletion mutations (Shah et al. 2010), indicating that
MutSβ/ MSH2-MSH3, and to a lesser extent MSH2-MSH6 (MutSα) are responsible for
the instability seen within the expanded ectopic CTG microsatellite.

Dysregulation of base excision repair pathway or crosstalk with MMR could lead to
microsatellite instability
Knockdown of Polβ showed no significant change in the percentage of double
positive (yellow) cells during normal cell cycle progression. However, Polβ knockdown
resulted in an increase in replication stress tolerance (fewer green cells) when treated
with hydroxyurea. Previous studies suggest the reason behind these flow cytometry
profiles. One study has shown that Polβ alone fails to copy trinucleotide repeats during
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DNA synthesis, and will generally bypass it on a template strand which will lead to
deletion. However, with stimulation by MSH2-MSH3, Polβ will copy through the
repeats. Polβ stuttering leads to increased flap formation and acts as a precursor for
microsatellite expansion (Lai et al. 2016) and potential fork collapse.
Another study suggests that chronic replication stress causes adaptive increases
within the base excision repair pathway. This causes increased microsatellite instability
suggesting that replication repair pathways that would normally help the replication
process are instead causing mutation and instability (Guo et al. 2003). It is not clear
whether an adaptive increase in Polβ or a lack of crosstalk between the base excision
repair pathway and mismatch repair pathway could account for the increase in stability
seen in the flow cytometry profiles. It is important to look at the effect of MMR and BER
protein loss in depth in the future. This study helps to lay the groundwork for future
experiments on this topic.

MUS81 deficiency leads to expanded microsatellite stabilization
The most fascinating result from all the assays performed was the MUS81 flow
cytometry profile. Severe depletion of MUS81 during normal cell cycle progression led
to a consistent increase in double positive cells, regardless of how many spontaneous
double strand breaks the cell line was presenting prior to starting the assay. MUS81
knockdown also blunted the induction of DSBs when cells were treated with
hydroxyurea. Regardless of the state the CTG100 cells were in at the beginning of the
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assay, treatment with siMUS81 consistently protected the ectopic site from endogenous
double strand breaks. The endogenous double strand breaks essentially stopped with the
siRNA treatment, knocking down MUS81. This indicates that knockdown of MUS81 has
a stabilizing effect on unperturbed cell cycle progression; it also provides protection
under replication stress conditions.
A few previous studies provide evidence that agrees with this. It has been
hypothesized that prolonged MUS81 activity at replication forks can lead to replication
fork collapse (Rondinelli et al. 2017). This study also showed that decreased MUS81
activity at replication forks lead to fork stabilization. It has also been shown that MUS81
depletion reduces formation of double strand breaks; increases cell survival and allows Sphase progression (Forment et al. 2011). MUS81 has been shown to have a role in the
rate of replication fork progression. In the absence of MUS81, DNA synthesis is slowed
(Pepe et al. 2014).
The study by Fugger et al. (2013) indicates a possible signaling pathway for the
toxic MUS81 function. This research presented that MUS81 and EME1 depleted cells
showed increased resistance to cytotoxic stress induced by hydroxyurea. FBH1 helicase
recruits MUS81 and EME1 to mediated double strand break formation in cells with
prolonged replication stress, leading to activation of pro-apoptotic factor p53, restraint of
RAD51 to suppress homologous recombination, and decreased double strand break
formation following the treatment with hydroxyurea. Their results showed that upon
siRNA mediated knockdown of MUS81 and EME1, cells treated with hydroxyurea
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showed decreased double strand break formation. This model suggests that MUS81
mediated DNA double strand breaks amplify the response of checkpoint proteins leading
to apoptosis in order to eliminate cells with prolonged replication stress. Figure 33 is a
model based on information from Fugger et al. (2013) indicating the possible role
MUS81 has in double strand breaks leading to apoptosis in cells undergoing increased
amounts of replication stress.
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Figure 33. Model of pathway that leads to toxic DSB through MUS81 and helicase FBH1.
Based on Fugger et. al, (2013) model indicating a toxic role of MUS81 in cells undergoing
increased replication stress. Their work suggests that FBH1 helicase activates MUS81 to induce a
double strand break. FBH1 also restrains RAD51, preventing double strand break repair, while
simultaneously activating p53 to induce apoptosis through a toxic double strand break in cells
undergoing increased, constitutive replicative stress.
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MUS81 slows cell cycle progression
The other piece of data that seems to agree with these studies is the cell cycle
progression assay with DRAQ7. At 24 hours after treatment with siMUS81, an increase
in S-phase cells is seen, but at 48 hours the G1 peak has decreased, seeming to indicate a
slowing of cell cycle progression. This in combination with the flow cytometry profile
seems to suggest that in the DF2 Myc CTG100 cell lines knockdown of MUS81 leads to
slowed cell cycle progression that has a stabilizing effect on the expanded microsatellite
during unperturbed growth.
MUS81 null cancer cells during unperturbed growth show a higher rate of early
replication fork initiation and slow DNA replication. In the study by Fu et al. (2015),
their observations indicated a couple possibilities for this. One possibility is that loss of
MUS81 results in slow replication, which consequently increases the initiation of early
replication forks. The second possibility is that knockdown of MUS81 facilitates
replication fork initiation, slowing replication indirectly (Fu et al. 2015). The stabilizing
effect of MUS81 on expanded microsatellites seems to indicate the toxic effect MUS81
has on these cells. This could be because knockdown of MUS81 has a slowing rather than
stalling effect on the replication fork, and/or because in the CTG100 cells might have
MUS81 that has become over active in areas of stalling creating a toxic effect on these
cells.

85

EME2 rather than EME1 plays a more prominent role in replication fork
stabilization
Another unexpected outcome was the result of the siRNA treated EME1 and
EME2 DF2 Myc CTG100 cells. Knockdown with EME1 had a mild stabilizing effect on
the cells compared to the control. The double positive cells would show slight increase
compared to the control, and a slight decrease in eGFP cells when treated with
hydroxyurea. More interestingly however, was that knockdown of EME2 drastically
increased replication instability. The CTG100 cell line consistently had a drastic increase
in eGFP cells compared to control, both with and without hydroxyurea treatment. Thus,
EME2 may have a major role in stabilizing the trinucleotide region and microsatellite
stability, consistent with EME2 activity during S phase. Alternatively, decreased levels of
EME2 may increase the level of MUS81-EME1 complexes at an inappropriate time
during S phase.
This increase in instability of the microsatellite regions was confirmed with the
spPCR data. Only cells treated with siEME2 showed expansion and contraction, not only
in the expanded exogenous microsatellite, but also at the endogenous DMPK locus.
These results only appeared in a small percentage of the cells, but it indicates a larger role
for MUS81-EME2 in the stability of both long and short microsatellites.
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EME1 and EME2 siRNA knockdown caused S phase arrest
Almost at odds with the flow cytometry profile data was the cell cycle
progression assay using DRAQ7. This indicated that knockdown of EME1 and EME2
both caused S-phase cell cycle arrest in the DF2 cell line; however, EME2 had much
more drastic consequences. These results seem to agree with another study that suggests
that MUS81-EME2 complexes are more active and more versatile than the MUS81EME1 complex. This study showed that MUS81-EME2 was able to process Holliday
junctions as well as nicked and gapped duplex DNA. It also showed that EME2 is
involved in the repair of both stalled and regressed replication forks (Amangyeld et al
2014). This seems to indicate an active, significant role for EME2 in S phase.
The knockdown of EME2 enhances endogenous double strand breaks, and is
comparable in the amount of cells with DSBs compared to HU treatment. Hydroxyurea is
known to cause replication stress during S phase of the cell cycle. The mechanism of
hydroxyurea replication stress indicates that HU causes defects in the timing of origin
activation and fork progression. The replication forks are generated at early firing origins,
and become hindered by the low levels of dNTPs (Wang, Vasquez 2009).
It is possible that EME2 and HU affect the same pathway of replication, acting
and affecting the cell cycle during S phase. Hydroxyurea acts by disrupting the DNA
replication process by inhibiting ribonucleotide reductase, which is an enzyme required to
convert ribonucleoside diphosphates into deoxyribonucleoside diphosphates. This inhibits
cells from leaving the S phase of the cell cycle. In addition to its effect on stalled
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replication forks, MUS81-EME2 dependent DNA damage occurs through activation of
the ATM pathway when CHK1 is downregulated. The inability of CHK1 to activate
ribonucleotide reductase seems to limit dNTPS available for replication which results in
slower replication fork progression (Pai and Kearsey 2017, Techer et al. 2016).
In the study by Amangyeld et al. (2013) it was indicated that MUS81-EME2
cleaves Holliday junctions more efficiently compared to MUS81-EME1. It also cleaves a
variety of other DNA structures that arise through replication. The flow cytometry results
seem to agree with this. Knockdown of EME2 in the CTG100 cells, which are prone to
formation of non-B DNA structures, seems to have greatly hindered the cells ability to
replicate properly. The added data that EME2 knockdown is comparable to HU treatment
in terms of increase in DSBs further indicate the occurrence of instability in S phase
implicating the importance of EME2 in maintaining stability in these cells.
As mentioned previously the endonuclease MUS81 is needed for EME1 and
EME2 activation. It is curious that MUS81 knockdown gives different results than that of
siEME1 and siEME2. This could happen because of the different stages of the cell cycle
these proteins are active in. MUS81-EME2 is active during S phase of the cell cycle
while MUS81-EME1 is active during G2/M stages of the cell cycle. The knockdown of
EME1 seemed to have created a slight protection of the microsatellite (indicated by slight
decrease in double strand breaks occurring with decrease in number of green cells and
increased yellow cells). This seems to suggest that the toxic effect of MUS81-EME1
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could be occurring during G2/M portion of the cell cycle rather than during S phase
during active DNA replication.
MUS81 depletion and overexpression has been linked to the rate of replication
fork progression (Mayle et al. 2015). In addition to affecting the rate of replication fork
progression MUS81 has been implicated in activating the intra-S-phase checkpoint and
the G2/M checkpoint during cell cycle. With MUS81 and EME1 knockdowns displaying
increased stability within the genome, it suggests that there could be a type of functional
redundancy between the MUS81-EME1 complex and other DNA damage response
proteins during the G2/M portions of the cell cycle (Hiyama et al. 2006). The increased
instability seen in the CTG100 cells when treated with siEME2 indicates that EME2 is
vital for maintenance of genetic stability at the expanded microsatellite.
Expansions and contractions of trinucleotide repeats have been studied
extensively. The CTG100 cell lines show that the expanded trinucleotide repeat can also
be considered a fragile site due to non-canonical DNA structure formation that can lead
to chromosome breaks during unperturbed replication, and during replication stress. The
CTG100 cell line display increased spontaneous DNA breaks, and recombination which
is detectable by a shift in fluorescence. Within the CTG100 cell line, the expanded
microsatellite sequence was placed between the fluorescent color markers. In the event of
an unrepaired break at the microsatellite sequence, loss of color marker protein will allow
for a shift in fluorescence to be observed. The previous shown results suggest that DNA
secondary structures can inhibit DNA recombination after a DSB near a microsatellite
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motif. The CTG100 cell line can be used to detect DNA repair patterns. It is also a novel
system that allows us to test the effects non-B DNA structures have on producing DNA
double strand breaks, or influencing the repair pathway that is utilized within human
cells. The DF2 Myc CTG100 cell line is an ideal system for detection of DNA repair
patterns, both homologous and non-homologous. As well as how DNA microsatellites
and non-canonical DNA structures effect DNA repair, and double strand breaks.
In conclusion, the loss of crossover junction endonucleases has a varied effect on
DNA stability. Depletion of MUS81 leads to increased stability within the cell, possibly
because its knockdown causes slowed cell cycle progression. The knockdown might also
diminish a toxic effect which could be caused by over activity, or due to a downstream
signal which leads to cellular apoptosis due to prolonged replication stress. Loss of
EME2 greatly reduces replication stability and the cell’s ability to handle DNA
replication stress and damage. This shows that a repair mechanism could lead to
microsatellite instability, while also being important for cellular survival.

Break Induced Replication
An additional aspect of this study we would like to explore is the effect of these
protein knockdowns in a new cell line that is being developed that demonstrates break
induced replication. Break induced replication (BIR) can account for extremely large
microsatellite repeat expansions and gross chromosomal rearrangements that occur
within a single replication event (Kramara et al. 2017). Break induced replication is a
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type of homologous recombination (HR) that is seen in all organisms from prokaryotes to
eukaryotes. It is a distinct mechanism that can lead to large scale repeat expansion in a
single step. BIR is initiated by strand invasion which is instigated by Rad51 to form a
displacement loop (D-loop) (Kim et al. 2016). This establishes a replication fork
consisting of both leading and lagging strand synthesis. This process can continue to the
end of replication or even to the end of the chromosome arm, and leads to conservative
replication (Fig. 33). Initial extension from a double strand end has been shown to require
a subunit of Polδ, Pol32 (Hastings et al. 2009). Collapsed replication fork repair often
uses the error-prone mediated pathway using Pol32 dependent synthesis. However this
synthesis is usually limited to a few kilobases from the break by MUS81 endonuclease
and the converging fork. MUS81 suppresses template switches between both homologous
sequence and human Alu repetitive elements (Mayle et al. 2015).
The subsequent strand invasion and delayed lagging strand lead to conservative
replication. This process is highly mutagenic, considered to be 1000x greater than
semiconservative replication (Malkova and Ira 2013). It has been proposed that BIR
repair of damaged replication forks during DSR events is responsible for the high
frequency of genomic duplications, as well as the high rate of mutations caused by
addition of DSB and accumulation of genome instability seen in human cancers
(Costantino et al. 2014, Sakofsky et al. 2012).
In budding yeast, it has been shown that BIR can be considered one of the
mechanisms that leads to expansion of (CAG)•(CTG) microsatellites. Kim et al.
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demonstrated that the non-B DNA structures, which lead to chromosomal instability and
the misalignment of the DNA strands during strand invasion, leads to expansion by BIR.
They also demonstrated, through genetic knockouts, proteins that are specific for large
scale expansions are involved in this process, whereas proteins important for small scale
expansions are not involved. In this study, protein knockouts involved in homologous
recombination including RAD51, RAD52, MUS81, YEN1, MRE11 as well as proteins
involved in break induced replication including POL32, and PIF1 decreased
(CAG)•(CTG) expansions. The proteins responsible for small scale expansions including
MSH2, MSH3, MSH6, did not affect the expanded microsatellite (Malkova and Ira
2013). In budding yeast it has been shown that break induced replication repairs
collapsed replication forks in cells with oncogene induced DNA repair stress through the
use of Rad52 and Pol32 (Sotirious et al. 2016, Costantino et al. 2014). For a future
project, after this cell line has been established it would be interesting to see the effects of
these knock downs on the cell line and see if they agree with previous studies in other
experimental systems.
Figure 34 shows the construct of this cell line called DF2 eGFP-TK fusion. An
enzymatic digest has been performed on the eGFP-TK fusion plasmid to confirm the
structure of the construct (Figure 35). This cell line will be very similar to the DF2 Myc
CTG100 cell line used previously. The only difference is that the eGFP gene will not have
a stop codon at its end. This will allow replication to continue into the TK region of the
406 HeLa cells, and form an eGFP-TK fusion protein. This fusion will make the cells
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sensitive to ganciclovir treatment; however, when BIR mutagenesis occurs (Figure 36)
the cells will become ganciclovir resistant allowing for selection of the cells that have
undergone break induced replication.
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Figure 34. Model representing how Break Induced Replication occurs. Model showing
how BIR leads to conservative replication and is considered to be highly mutagenic form of
replication.

94

Figure 35. Model of DF2 eGFP-TK fusion cell line. Model of eGFP-TK plasmid and
integration into HeLa 406 cells leading to the new cell line that forms a eGFP-TK fusion
protein.
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Figure 36. Enzyme digest of eGFP-TK fusion plasmid. NheI- 0 cutter enzyme to check that
plasmid is supercoiled. KpnI- 4 cutter enzyme, cuts close to eGFP. StuI 2 cutter enzyme that
cuts within dTomato. BlpI- 2 cutter enzyme that cuts close to dTomato. BamHI- 4 cutter
enzyme that cuts close to dTomato and eGFP on either side of the color markers. XmnIsingle cutter enzyme to check plasmid length.
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Figure 37. Model of how the eGFP-TK cell line will lead to BIR.
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Future Directions
In the future, we would like to study the effect of knocking down various
mismatch repair proteins and base excision repair proteins and their effect on expanded
microsatellites in more detail. These proteins have an effect on the cells containing
expanded trinucleotide repeats, and seeing these effects through spPCR, and using next
generation sequencing to map the mutations would be a worthwhile endeavor.
It would also be fascinating to explore the effect of other DNA replication
stressing drugs in combination with the siRNA treatment of the CTG100 cells. Especially
interstrand cross-linking agents with a MUS81 siRNA knockdown. It would be
interesting to see if siRNA mediated knockdown of MUS81 increases the CTG100 and
CTG23 cells sensitivity to interstrand cross-linking instability as has been shown in other
studies with various cancer cells lines.
To further expand on this project and the proteins examined would be to study the
DF2 Myc CTG100 cell line and the DF2 Myc CTG23 cell lines basal protein level for
comparison. As mentioned previously, and in many other studies, particularly studies
involving mismatch repair proteins and base excision repair proteins, these pathways
become dysregulated which can lead to microsatellite instability. It would be interesting
to examine if one of the proteins used in this project changes levels which could explain
why the cell line becomes progressively more unstable, or if the toxic MUS81 effect seen
is part of a signaling cascade initiated by FBH1 to lead to apoptosis in cells with
constitutive replication stress. A similar assay would be to measure DNA damage
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response proteins levels in response to siRNA treatment, such as γH2AX, pCHK1, and
pCHK2. It would also be interesting to look at other microsatellite besides DMPK and
the ectopic CTG site, as well as explore site-specific protein mutants involving MUS81,
EME1, and EME2. Further exploration into this project could give key implications in
the study of oncogenic genomic instability.
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